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Theories of reading have posited the existence of
a neural representation coding for whole real words
(i.e., an orthographic lexicon), but experimental
support for such a representation has proved elusive.
Using fMRI rapid adaptation techniques, we provide
evidence that the human left ventral occipitotemporal
cortex (specifically the ‘‘visual word form area,’’
VWFA) contains a representation based on neurons
highly selective for individual real words, in contrast
to current theories that posit a sublexical representa-
tion in the VWFA.
INTRODUCTION
Reading written words is an important cognitive skill that, given
the cultural recency of reading and the variability of lexica across
languages, arguably needs to depend on neural representations
that are acquired through experience with written words (Binder
et al., 2006; Dehaene et al., 2005; Vinckier et al., 2007). Recent
neuroimaging studies (Dehaene et al., 2004; Vinckier et al.,
2007) have provided evidence for a hierarchical organization in
the ventral visual pathway (Ungerleider and Haxby, 1994) for
the visual word form, leading to the proposal that running poste-
rior to anterior along this pathway, neurons are tuned to increas-
ingly complex word features, viz. from oriented bars, to letters,
bigrams, and finally quadragrams (Dehaene et al., 2004, 2005;
Vinckier et al., 2007). However, while some theories of reading
as well as neuropsychological and experimental data (Coltheart,
2004) have argued for the existence of a neural representation for
whole real words (RWs) (i.e., an orthographic lexicon), experi-
mental evidence for such a representation has been elusive:
numerous human neuroimaging studies have identified an
area in the left occipitotemporal cortex that appears to play
a key role in whole word reading (Baker et al., 2007; Dehaene
et al., 2001, 2004; Gaillard et al., 2006; Kronbichler et al., 2004;
Vinckier et al., 2007), termed the ‘‘visual word form area’’
(VWFA) (Cohen et al., 2002; Dehaene et al., 2004; Kronbichler
et al., 2004; Vinckier et al., 2007). However, these studies have
failed to find a preference in the VWFA for RWs over pseudo-
words (i.e., pronounceable legal letter strings; PWs) (Binder
et al., 2006; Devlin et al., 2006; Kronbichler et al., 2004; Vinckier
et al., 2007), leading to the hypothesis that the VWFA is tuned tosublexical orthographic structure (Binder et al., 2006; Dehaene
et al., 2005; Vinckier et al., 2007).
One reason for this failure to find selectivity for RWs over PWs
might be that most prior fMRI studies investigating VWFA selec-
tivity have examined the average BOLD-contrast response in the
VWFA to the stimuli of interest (but see Dehaene et al., 2001,
2004; Devlin et al., 2006). However, inferring neuronal selectivity
based on average BOLD-contrast signal change is complicated
by the fact that both the density of selective neurons and the
broadness of their tuning contribute to the average activity level
in a voxel, making it difficult to infer properties of the underlying
neural representation from the total response to the stimuli of
interest (Jiang et al., 2006): a given BOLD-contrast signal change
in a voxel could arise from a small number of strongly activated
units with high selectivity, or from a large number of broadly
tuned neurons with low activity. By contrast, it has been sug-
gested that fMRI rapid adaptation (fMRI-RA) techniques—in
which two stimuli are presented sequentially in each trial, and
the BOLD-contrast response to the pair is taken to reflect simi-
larity of the neuronal activation patterns corresponding to the
two individual stimuli, with the lowest response for two stimuli
activating identical neuronal populations, and maximum signal
if the two stimuli activate disjoint groups of neurons (Jiang
et al., 2006)—are capable of probing neuronal tuning more
directly and selectively (for a recent review, see Grill-Spector
et al., 2006). Several studies have used fMRI-RA to examine
single-word reading by varying properties of the word form
(Dehaene et al., 2001, 2004), providing evidence that the
VWFA contains an abstract representation of the visual word
form that is invariant to case, font, size, and location. Here, we
used an fMRI-RA paradigm to examine neuronal tuning speci-
ficity and the nature of the representation in the VWFA by
systematically altering the visual word form and lexicality to
examine the effect of similarity on the hemodynamic response.
We hypothesized, in contrast to the current theory of a sublexical
representation in the VWFA, that the VWFA contains neurons
tightly tuned to whole RWs, akin to neurons highly selective for
individual training objects found inmonkey inferotemporal cortex
after training the animals to discriminate between similar novel
objects (Logothetis et al., 1995). This selective tuning for specific
RWs would be the result of visual experience with RWs and the
behavioral requirement to discriminate highly visually similar
RWs (such as ‘‘farm’’ and ‘‘form’’), producing RW-tuned neurons
that show high selectivity to a specific RW, but show little
response to other RWs, even if they are orthographically similar.
In contrast, lack of experience with PWs and the lack of a need toNeuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc. 199
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normal reading would lead to a lower degree of experience-
driven response differentiation of specific RW-tuned neurons
to orthographically similar PWs, analogous to previous training
studies in the monkey using an orientation discrimination task,
which found increased neuronal selectivity in primary visual
cortex only around the trained orientation and not for untrained
orientations (Schoups et al., 2001). These RW-tuned neurons
then not only respond strongly to their preferred RW, but also
respond to a lesser degree to similar PWs, thus accounting for
VWFA responsiveness also to PWs (Fiez et al., 1999; Mechelli
et al., 2003; Paulesu et al., 2000). For example, neurons tuned
to the word ‘‘farm’’ would respond strongly to the word ‘‘farm’’
but very little to the RWs ‘‘form,’’ ‘‘firm,’’ ‘‘harm,’’ etc. In contrast,
the PW ‘‘tarm’’ would cause low-level activation of neurons
tuned to orthographically similar RWs (‘‘farm,’’ ‘‘harm,’’ ‘‘term,’’
‘‘tarp,’’ etc.), leading to a total signal for PWs that might be equal
to or greater than that evoked by RWs.
To test these hypotheses, we conducted three sets of fMRI
experiments. Experiments 1 and 2 involved 24 subjects total
(12 in each experiment) who performed a semantic oddball
detection task in the scanner on visually presented words
(requiring subjects to press a button whenever they saw a fruit
or vegetable word; see Experimental Procedures). Experiment
3 involved 10 subjects who performed an orthographic oddball
detection task on visually presented words (requiring subjects
to press a button whenever they saw a particular sequence of
letters embedded in a word; see Experimental Procedures). In
all three experiments, words were presented in prime/target
pairs, and we examined three conditions: (1) ‘‘same,’’ in which
the same stimulus was presented twice (as prime and target) in
each trial, (2) ‘‘1L,’’ in which the prime and target differed by
one letter, and (3) ‘‘different,’’ in which the target shared no
letters with the prime (Figure 1). For these three conditions,
one group of 12 subjects was presented with RW pairs (RW
group) in Experiment 1, and the other group of 12 subjects
was presented with PW pairs (PW group) in Experiment 2. The
data from Experiment 1 and 2 were analyzed together using
a mixed-design ANOVA. In the third experiment (Orthographic
group, or O group), subjects were presented with both RW pairs
and PW pairs, and a within-subject ANOVA was conducted. For
the RW pairs (in both the RW and the O groups), 47 high-
frequency target words were chosen from the CELEX Lexical
Database (Baayen et al., 1995). The 1L condition was created
by changing one letter of the target word to make another RW
Figure 1. Experimental Paradigm
For all three experiments, (A) shows the different stimulus
conditions for the real word (RW) pairs, and (B) shows the
conditions for the pseudoword (PW) pairs.
of comparable frequency. In the different condition,
words of equal frequency were chosen so that no
letters were repeated in any position. For the PW
pairs in the PW group (Experiment 2), the target
words were created by altering one letter of the
RW target words while maintaining length, bigram
and trigram (where applicable) frequency, and orthographic
neighborhood (using the N-Watch program; Davis, 2005). The
1L condition was created by altering one letter of the PW target,
again matched for bigram and trigram frequency. Finally in the
different condition, PWs were generated using the ARC
Nonword Database (Rastle et al., 2002) with no letters repeated
in any position. For the PW pairs in the O group (Experiment 3),
a new set of target PWs was generated to avoid overlap with
the RW pairs (using the ARC Nonword Database; Rastle et al.,
2002). These PW targets were matched to the RW targets for
length, bigram and trigram (where applicable) frequency, and
neighborhood size. The 1L and different stimuli were created
as described above for the PW group. For all three experiments,
all grapheme changes resulted in only one phoneme change and
prime/target sets werematched for length, part of speech (where
applicable), bigram and word frequency, and orthographic
neighborhood (using the N-Watch program; Davis, 2005).
For all three groups we predicted the lowest signal for the
same condition, as the two stimuli were identical and would
therefore repeatedly activate the same neural populations,
causing maximum adaptation (Grill-Spector et al., 2006). Like-
wise, we predicted the least amount of adaptation for the
different condition because two stimuli that share no letters
should not activate overlapping populations of neurons, regard-
less of whether neurons in the VWFA are tuned to whole words
or to prelexical letter combinations. The crucial prediction that
differentiates a whole-word representation from a part-word or
sublexical representation is the response of the 1L condition
when comparing the PW pairs and the RW pairs (in all three
groups): if neurons in the VWFA are tuned to sublexical features,
one would predict a gradual response increase with increasing
dissimilarity for both the RW pairs (in the RW and O groups)
and the PW pairs (in the PW and O groups), because the same
condition has maximal sublexical unit overlap, the 1L condition
has partial sublexical unit overlap, and the different condition
has no sublexical overlap. In contrast, if neurons in the VWFA
are tightly tuned to whole RWs, then two similar but nonidentical
RWs should have minimal neural overlap and therefore no adap-
tation should occur. This would lead to a total activation in the
RW pairs for the 1L condition similar to that caused by the two
completely different words in the different condition (in the RW
and O groups). In addition, assuming that VWFA responsiveness
to PWs is caused by low-level activation of RW-tuned neurons to
orthographically similar PWs, we should see a gradual BOLD
response increase with increasing dissimilarity (from same to200 Neuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc.
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1 and 2
(A) Activation from a representative subject during the localizer scans showing the localization of the VWFA. The VWFA was defined by words versus fixation
(p < 105, uncorrected) masked by words versus scrambled (p < 0.05, uncorrected). Only clusters that were significant at the corrected cluster-level of
p < 0.05 were selected. This representative subject had a cluster size of 42 voxels (cluster-level, p < 104). This figure also shows some right hemisphere acti-
vation, which is common in some subjects (Baker et al., 2007; Cohen et al., 2002) and has been shown to be less selective (Vinckier et al., 2007). In our study 14/34
subjects showed (typically smaller and less significant) homologous right hemisphere activation in or near the corresponding location as their individually defined
(left hemisphere) VWFA ROI. (B and C) Mean percent signal change in the VWFA in the event-related fMRI-RA scans in RW (B) and PW (C) groups (Experiments 1
and 2, respectively). Error bars represent within-subject SEM. Significance levels: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; n.s., not significant.1L to different) in the PW pairs (in the PW and O groups), due to
the lower degree of selectivity of the RW-tuned neurons for PWs.
RESULTS AND DISCUSSION
The VWFA regions were identified for each individual subject
independently through localizer scans (see Experimental Proce-
dures) using a contrast of word versus fixation masked by the
contrast of word versus scrambled word. We selected ROIs
closest to the published location of the VWFA (approximate
Talairach coordinates 43, 54, 12 ± 5; Cohen et al., 2002;
Kronbichler et al., 2004) and within the individual subject’s occi-
pitotemporal sulcus/fusiform gyrus region (see Figure 2A for the
left VWFA from a representative subject); see Experimental
Procedures for further information. The average locations of
the thus-defined VWFA ROIs for the RW, PW, and O groups
were Talairach coordinates (37 ± 4, 54 ± 8, 11 ± 6),
(39 ± 4, 57 ± 9, 11 ± 6), and (40 ± 3, 58 ± 7, 11 ± 6),
respectively. For each subject, we then analyzed the activity in
their individually defined ROI during the separate event-related
(ER) scans that used the rapid adaptation paradigm.
Experiments 1 and 2
For Experiments 1 and 2 (PW and RW groups) (Figures 2B and
2C, respectively), an ANOVA, with within-subject factor condi-
tion (same, 1L, different) and between-subject factor group
(RW versus PW), revealed a significant effect of the three exper-
imental conditions [F(2,44) = 40.113, p < 0.001] and a significant
interaction between the three experimental conditions and the
two groups [F(2,44) = 4.833, p = 0.019], but no significant differ-
ence between the two groups [F(1,22) = 2.004, p = 0.171]. Post
hoc analyses indicated that the significant interaction was due
to the difference in the 1L condition between the two groups,
as there was a significant interaction with the RW versus PW
experiments from the comparison of same versus 1L [F(1,22) =5.577, p = 0.027], and of different versus 1L [F(1,22) = 14.249,
p = 0.001], but not of same versus different [F(1,22) = 0.011,
p = 0.919]. We then conducted repeated-measures ANOVAs
on the data from the two groups separately. Significant differ-
ences were found for both groups [for RW, F(2,22) = 48.591,
p < 0.001; for PW, F(2,22) = 12.014, p = 0.001]. Additionally,
we conducted paired t tests. For the RW group, we found signif-
icant adaptation in the VWFA ROIs for same when compared
with different and 1L (p < 0.0001). However, response levels
did not differ significantly between the 1L and different condi-
tions (p = 0.09). For the PW group, there was also significant
adaptation for same when compared to both different and 1L
(p = 0.001 and p = 0.03, respectively). However, crucially, in
this group, 1L and different also differed significantly (p = 0.008).
Similar results were obtained when we used a fixed-size ROI for
all subjects (see Supplemental Data).
The results of Experiments 1 and 2 are in concert with the
hypothesis that neurons in the VWFA are highly selective for
whole RWs: in the RW group, the finding that 1L and different
were not reliably different even though the two words in 1L
shared sublexical units suggests very tight tuning in the VWFA
to whole RWs. In contrast, the gradual BOLD response increase
with increasing dissimilarity (from same to 1L to different) for the
PW group suggests broader tuning to PWs, compatible with an
experience-driven refinement of tuning of neurons in the VWFA
as a result of extensive visual experience with RWs (and the
requirement to discriminate these words), but not with PWs.
Experiment 3
We then conducted an additional experiment, Experiment 3, to
address two possible concerns from the first two experiments:
first, results in Experiments 1 and 2 may have been influenced
by the use of a semantic task that could possibly result in differ-
ential processing for the RW versus the PW pairs. Second, it
would be desirable to show the key effect of differentialNeuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc. 201
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design (even though themain effect and interactions were signif-
icant when comparing the results of Experiments 1 and 2).
Experiment 3 addressed both of these issues. First, by using
an orthographic task, we eliminated any differential effect a
semantic task might have on processing RWs versus PWs.
Second, we included both RW and PW pairs in the same scan-
ning session, allowing a complete within-subject analysis. For
the O group (Figure 3), an 2 3 3 repeated-measures ANOVA
with within-subjects factor lexical group (RW versus PW) and
experimental condition (same, 1L, and different) revealed
a significant effect of the three adaptation conditions [F(2,18) =
24.393, p < 0.001], and a significant difference between the
two lexical groups [F(1,9) = 6.186, p = 0.035], but no significant
interaction between the two factors [F(2,18) = 1.993, p =
0.183]. Post hoc analyses indicated that there was a significant
interaction between the lexical group (RW versus PW) and
experimental condition [1L versus different, F(1,9) = 6.148, p =
0.035], in line with the data from Experiment 1 and 2. We then
conducted repeated-measures ANOVAs on the data from the
RW pairs and the PW pairs separately. Significant differences
were found for both lexical groups [for PW, F(2,18) = 14.488,
p = 0.002; for RW, F(2,18) = 18.193, p < 0.001]. Additionally,
we conducted paired t tests. For the RW pairs we found signifi-
cant adaptation in the VWFA ROIs for same when compared to
different and 1L (p = 0.001 and p < 0.001, respectively). However,
response levels did not differ significantly between the 1L and
different conditions (p = 0.622). For the PW pairs, there was
also significant adaptation for same when compared to both
different and 1L (p = 0.003 and p = 0.002, respectively). However,
1L and different also differed significantly (p = 0.016). As in
Experiments 1 and 2, we obtained similar results when we
used a fixed-size ROI for all subjects (see Supplemental Data).
The results from Experiment 3 thus confirm our findings from
Experiments 1 and 2, and show that the difference in selectivity
in the VWFA for RWs versus PWs can be found independent
of task.
To address the potential concern that the release from adap-
tation for RWs might have been driven by differences in word
meaning between the prime and target despite the use of an
orthographic task in Experiment 3, we conducted an additional
Figure 3. Plots of Mean Percent Signal Change in Relation to Ortho-
graphic Similarity in the fMRI-RA Scans of Experiment 3 (O Group)
Results from RWpairs and PW pairs. Error bars represent within-subject SEM.
Significance levels: ***p < 0.001, **p < 0.01; *p < 0.05; n.s., not significant.202 Neuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc.control experiment that included a semantically related condition
(‘‘semanticR’’), in which the prime/target words in each trial were
semantically related (e.g., ‘‘boat’’ and ‘‘ship;’’ see Figure S4
available online). We hypothesized that if the release in adapta-
tion for RWs were driven by differences in meaning between
the two words in a pair, we should find a difference in activation
for semantically related pairs (semanticR condition) and
unrelated pairs (1L and different conditions). We found no such
difference (Figure S5), further supporting that the results of
Experiments 1 and 3 were not due to semantic effects. Addition-
ally, we conducted a whole-brain group analysis. The only area
showing consistent adaptation effects across all experiments
was the left VWFA (see Table S1 available online), suggesting
that the observed high selectivity in the VWFAwas indeed aprop-
erty of the stimulus representation and not a reflection of RW or
semantic selectivity in another part of the brain modulating acti-
vation in the VWFA.
In summary, our results therefore provide strong support for
theories of experience-driven plasticity of the neural representa-
tions underlying reading (Baker et al., 2007; Binder et al., 2006;
Dehaene et al., 2005; Vinckier et al., 2007), establishing that
this learning does not just apply to lower-level representations,
e.g. for characters (Baker et al., 2007) and sublexical letter
combinations (Binder et al., 2006; Dehaene et al., 2005; Vinckier
et al., 2007), but also to whole words, compatible with the
concept of an orthographic lexicon postulated by some models
of reading (Coltheart, 2004). This ‘‘simple-to-complex’’ hierarchy
of single-word reading fits well with general theories of object
recognition in cortex (Riesenhuber and Poggio, 2002), and also
provides a powerful framework from which to study reading
errors: corrupting neural activity at lower levels, e.g., the letter
level, would predict errors on similar words (e.g., misreading
‘‘farm’’ as ‘‘form’’), whereas noise at higher levels could lead to
errors on increasingly larger units such that eventually the whole
word is difficult to access (i.e., pure alexia; Gaillard et al., 2006).
These results are not just relevant for theories of reading
and reading acquisition, but also for our understanding of the
mechanisms underlying experience-driven cortical plasticity in
general. It will be interesting in future studies to investigate
how the specificity of the representation in the VWFA changes




A total of 41 (26 female) right-handed normal adults who were native English
speakers (aged 18–32) took part in the experiment. Participants were excluded
from further analysis if they had excessive head motion or if they were not able
to stay awake for the experimental scanning sessions. The fMRI data from six
participants were excluded for these reasons. Additionally, one participant
was excluded when review of structural images demonstrated a 5–8 mm
vascular anomaly in his right subcortical frontal lobe. Following exclusion of
subjects for the aforementioned reasons, a total of 12 subjects (8 female)
took part in Experiment 1, 12 subjects (8 female) in Experiment 2, and 10
(6 female) subjects in Experiment 3. Experimental procedures were approved
by Georgetown University’s Institutional Review Board, and written informed
consent was obtained from all subjects prior to the experiment.
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Experiment 1 (RW group): RW stimuli were chosen using the CELEX Lexical
Database (Baayen et al., 1995). Forty-seven high-frequency (>50 per million)
three to six letter target words were chosen. The target words were matched
to the three different types of primes discussed above (same, 1L, and different)
plus one additional prime (PW) beyond the scope of the main text, but
discussed in the Supplemental Data for completeness. Experiment 2 (PW
group): target PW stimuli were created by altering the target words from the
RW experiment by one grapheme to create an orthographically legal PW,
and three prime types (same, 1L, different) were created for each target
word as described in the INTRODUCTION above. Experiment 3 (O group):
RW pairs from Experiment 1 were used. To avoid overlap of the PW pairs
with the RW pairs, a new set of target PWs was generated using the ARC
Nonword Database (Rastle et al., 2002). These PWs were matched to the
RWs for length, bigram and trigram (where applicable) frequency, and neigh-
borhood size. The 1L and different stimuli were created as described above
for the PW group.
Tasks
To engage subjects’ attention yet avoid potential task-related confounds of the
BOLD-contrast response to the conditions of interest (Grady et al., 1996; Su-
naert et al., 2000), subjects were asked to perform an oddball detection task
(Jiang et al., 2000; Jiang et al., 2006) in the scanner. For Experiments 1 and
2 (RW and PW groups), subjects were asked to press a button whenever
a word appeared that referred to either a fruit or vegetable. These oddball
stimuli were created by selecting common fruit and vegetable words that
were three to six letters in length. In the RW group, these oddball words
were randomly inserted into the prime/target word pairs either in the prime
word position or in the target word position. In the PWgroup, in order to equate
for task difficulty with the RW group, the oddball words were matched to RW
‘‘foils’’ of equal length. The oddball and foil words were inserted into trials in the
same manner as in the RW experiment. In Experiment 3 (O group), subjects
were asked to press a button every time they saw the sequential letters
‘‘xyz’’ or ‘‘abc.’’ These oddball stimuli were created by randomly replacing
three sequential letters at the beginning, middle, or end of either the prime
or the target stimuli in both the RW and PW pairs. We conducted behavioral
testing to verify there was no difference in reaction time or accuracy between
RWs and PWs (see Supplemental Data).
All stimuli were rendered in Courier font (36 point size, 100 ppi), average
letter size 1⁄4 by
1⁄4 inch (253 25 pixels), for an approximate size of 0.5
 of visual
angle per letter in the scanner.
Functional Localizer Scans
Separate localizer scans were conducted to identify the VWFA in each subject
individually. Using a block design, echo-planar imaging (EPI) images from two
functional localizer scans were collected, one at the beginning and one at the
end of the scanning session for Experiments 1 and 2, and one at the beginning
and one in the middle of the scanning session for Experiment 3. Participants
passively viewed blocks of images of written words (high-frequency nouns,
>50 per million, different from those used in the ER scans), scrambled words,
faces, and objects. Each block lasted 20,400 ms (stimuli were displayed for
500 ms and were separated by a 100 ms blank interval), and stimulus blocks
were separated by a 10,200 ms fixation block. Each run consisted of two
blocks of each group (words, scrambled words, faces, and objects) and eight
fixation blocks. The face and object images used in the localizer scans were
purchased from http://www.hemera.com and postprocessed using programs
written in MATLAB (The Mathworks, MA) to eliminate background variations
and to adjust image size, luminance, and contrast. The final size of all images
was scaled to 200 3 200 pixels. Word stimuli were chosen using the CELEX
Lexical Database (Baayen et al., 1995). Scrambled images of words were
generated by scrambling the word images with a tile size of 4 pixels.
Rapid ER Scans
To probe the effects of varying orthographic similarity and lexicality on BOLD-
contrast response in the VWFA, MRI images from four (Experiment 1 and 2)
and six (Experiment 3) ER scans were collected. For Experiments 1 and 2,
each run lasted 448.8 s and had two 10.2 s fixation periods, one at the begin-ning and the other at the end. Between the two fixation periods, a total of
110 trials were presented to participants at a rate of one every 4080ms. During
each trial, the two stimuli (prime/target) were displayed sequentially (timing:
fixation for 1000 ms, prime for 33 ms, blank for 337 ms, target for 500 ms,
and blank for 2210 ms). For Experiment 3, each run lasted 473.28 s and had
two 10.2 s fixation periods, one at the beginning and the other at the end.
Between the two fixation periods, a total of 116 trials were presented to partic-
ipants at a rate of one every 4080 ms. During each trial, the two stimuli (prime/
target) were displayed sequentially (timing: prime for 300ms, blank for 400ms,
target for 300ms, and blank for 3080ms). For all three experiments the number
of repetitions of each word stimulus was counterbalanced across all condi-
tions to control for long-lag priming effects (Henson et al., 2000). Trial order
and timing was adjusted using M-sequences (Buracas and Boynton, 2002).
Participants were asked to watch all stimuli and respond to instances of the
oddball stimuli by pressing a button with the right hand. The stimuli of both
localizer and ER scans were presented using E-Prime software (http://www.
pstnet.com/products/e-prime/), back-projected on a translucent screen
located at the rear of the scanner, and viewed by participants through a mirror
mounted on the head coil.
MRI Acquisition
All MRI data were acquired at Georgetown University’s Center for Functional
and Molecular Imaging using an EPI sequence on a 3 Tesla Siemens Trio
scanner. For Experiments 1 and 2, an 8-channel head coil was used (Flip
angle = 90, TR = 2040 ms, TE = 30 ms, FOV = 205 mm, 64 3 64 matrix).
For Experiment 3, a 12-channel head coil was used (Flip angle = 90, TR =
2040 ms, TE = 29 ms, FOV = 205 mm, 64 3 64 matrix). For all experiments,
35 interleaved axial slices (thickness = 4.0 mm, no gap; in-plane resolution =
3.2 3 3.2 mm2) were acquired. At the end, 3D T1-weighted MPRAGE images
(resolution 1 3 1 3 1 mm3) were acquired from each subject.
MRI Data Analysis
All preprocessing and most statistical analyses were done using the SPM2
software package (http://www.fil.ion.ucl.ac.uk/spm/software/spm2/). After
discarding the first five acquisitions of each run, the EPI images were tempo-
rally corrected to the middle slice (for ER scans only), spatially realigned,
resliced to 2 3 2 3 2 mm3, and normalized to a standard MNI reference brain
in Talairach space. Images were then smoothed with an isotropic 6.4 mm
Gaussian kernel. The VWFA regions were identified for each individual subject
independently with the data from the localizer scans. We first modeled the
hemodynamic activity for each condition (word, scrambled word, face, object,
and fixation) in the localizer scans with the standard canonical hemodynamic
response function (HRF), then identified a word-selective ROI with the contrast
of word versus fixation (at least p < 0.00001, uncorrected) masked by the
contrast of word versus scrambled word (at least p < 0.05, uncorrected).
This contrast typically resulted in only one or two foci in the left ventral
occipitotemporal cortex (p < 0.05, corrected). ROIs were selected by identi-
fying in each subject the most anterior cluster that was significant at the cor-
rected cluster-level of at least p < 0.05 in the ventral occipitotemporal cortex
(specifically, the occipitotemporal sulcus/fusiform gyrus region) with at least
10, but not more than 100, contiguous voxels in a location closest to the
published location of the VWFA, with approximate Talairach coordinates
of 43, 54, 12 ± 5 (Cohen et al., 2002; Kronbichler et al., 2004) (see
Figure 2A for the results from one representative subject). Additionally, another
set of VWFAROIs using a fixed size for all subjects was extracted to assess the
robustness of the results. There, VWFA ROIs were defined by a sphere of fixed
size (radius = 4 mm) centered at the peak of each individual’s aforementioned
VWFA region, which resulted in a set of ROIs of approximately 34 voxels for
each subject. Results using the fixed-size ROIs were similar to those
presented in the main text (see Supplemental Data). In the ER scans, after
applying global scaling following verification that there were no correlations
of the global signal with the experimental conditions (Aguirre et al., 1998)
and removing low-frequency temporal noise from the EPI runs with a high-
pass filter (1/128 Hz), we modeled fMRI responses with a design matrix
comprising the onset of trial types and movement parameters as regressors
using a standard canonical HRF, then extracted the mean percent signal
change of the VWFA ROIs for each subject with the MarsBar toolbox (M. BrettNeuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc. 203
Neuron
Highly Selective Tuning to Whole Words in the VWFAet al., 2002, 8th Int. Conf. on Func. Map. of the Human Brain, abstract) and
conducted statistical analyses (mixed-design ANOVA [Experiments 1 and 2]
and within-subject repeated-measures ANOVA [Experiment 3] with Green-
house-Geisser correction, followed by planned t tests, p = 0.05, two-tailed)
on the percent signal change.
SUPPLEMENTAL DATA
The supplemental data for this article include Results, six figures, and two
tables and can be found at http://www.neuron.org/supplemental/
S0896-6273(09)00242-6.
ACKNOWLEDGMENTS
This research was supported by an NSF CAREER Award (#0449743), NIMH
grant P20MH66239, and NINDS grant F31NS057997. We further thank
Rhonda Friedman for her input and suggestions.
Accepted: March 20, 2009
Published: April 29, 2009
REFERENCES
Aguirre, G.K., Zarahn, E., and D’Esposito, M. (1998). The inferential impact of
global signal covariates in functional neuroimaging analyses. Neuroimage 8,
302–306.
Baayen, R.H., Piepenbrock, R., and van Rijn, H. (1995). The CELEX Lexical
Database (Philadelphia: Linguistic Data Consortium, University of Penn-
sylvania).
Baker, C.I., Liu, J., Wald, L.L., Kwong, K.K., Benner, T., and Kanwisher, N.
(2007). Visual word processing and experiential origins of functional selectivity
in human extrastriate cortex. Proc. Natl. Acad. Sci. USA 104, 9087–9092.
Binder, J.R., Medler, D.A., Westbury, C.F., Liebenthal, E., and Buchanan, L.
(2006). Tuning of the human left fusiform gyrus to sublexical orthographic
structure. Neuroimage 33, 739–748.
Buracas, G.T., and Boynton, G.M. (2002). Efficient design of event-related
fMRI experiments using M-sequences. Neuroimage 16, 801–813.
Cohen, L., Lehericy, S., Chochon, F., Lemer, C., Rivaud, S., and Dehaene, S.
(2002). Language-specific tuning of visual cortex? Functional properties of the
Visual Word Form Area. Brain 125, 1054–1069.
Coltheart, M. (2004). Are there lexicons? Q. J. Exp. Psychol. A 57, 1153–1171.
Davis, C.J. (2005). N-watch: a program for deriving neighborhood size and
other psycholinguistic statistics. Behav. Res. Methods 37, 65–70.
Dehaene, S., Naccache, L., Cohen, L., Bihan, D.L., Mangin, J.F., Poline, J.B.,
and Riviere, D. (2001). Cerebral mechanisms of word masking and uncon-
scious repetition priming. Nat. Neurosci. 4, 752–758.
Dehaene, S., Jobert, A., Naccache, L., Ciuciu, P., Poline, J.B., Le Bihan, D.,
and Cohen, L. (2004). Letter binding and invariant recognition of masked
words: behavioral and neuroimaging evidence. Psychol. Sci. 15, 307–313.
Dehaene, S., Cohen, L., Sigman, M., and Vinckier, F. (2005). The neural code
for written words: a proposal. Trends Cogn. Sci. 9, 335–341.204 Neuron 62, 199–204, April 30, 2009 ª2009 Elsevier Inc.Devlin, J.T., Jamison, H.L., Gonnerman, L.M., and Matthews, P.M. (2006). The
role of the posterior fusiform gyrus in reading. J. Cogn. Neurosci. 18, 911–922.
Fiez, J.A., Balota, D.A., Raichle, M.E., and Petersen, S.E. (1999). Effects of lexi-
cality, frequency, and spelling-to-sound consistency on the functional
anatomy of reading. Neuron 24, 205–218.
Gaillard, R., Naccache, L., Pinel, P., Clemenceau, S., Volle, E., Hasboun, D.,
Dupont, S., Baulac, M., Dehaene, D., Adam, C., and Cohen, L. (2006). Direct
intracrainial, fMRI, and lesion evidence for the causal role of left inferotemporal
cortex in reading. Neuron 50, 191–204.
Grady,C.L.,Horwitz,B.,Pietrini, P.,Mentis,M.J.,Ungerleider,L.G.,Rapoport,S.I.,
and Haxby, J.V. (1996). Effects of task difficulty on cerebral blood flow during
perceptual matching of faces. Hum. Brain Mapp. 4, 227–239.
Grill-Spector, K., Henson, R., and Martin, A. (2006). Repetition and the brain:
neural models of stimulus-specific effects. Trends Cogn. Sci. 10, 14–23.
Henson, R., Shallice, T., and Dolan, R. (2000). Neuroimaging evidence for
dissociable forms of repetition priming. Science 287, 1269–1272.
Jiang, Y., Haxby, J.V., Martin, A., Ungerleider, L.G., and Parasuraman, R.
(2000). Complementary neural mechanisms for tracking items in human
working memory. Science 287, 643–646.
Jiang, X., Rosen, E., Zeffiro, T., Vanmeter, J., Blanz, V., and Riesenhuber, M.
(2006). Evaluation of a shape-based model of human face discrimination using
FMRI and behavioral techniques. Neuron 50, 159–172.
Kronbichler, M., Hutzler, F.,Wimmer, H.,Mair, A., Staffen,W., and Ladurner, G.
(2004). The visual word form area and the frequency with which words are
encountered: evidence from a parametric fMRI study. Neuroimage 21,
946–953.
Logothetis, N.K., Pauls, J., and Poggio, T. (1995). Shape representation in the
inferior temporal cortex of monkeys. Curr. Biol. 5, 552–563.
Mechelli, A., Gorno-Tempini, M.L., and Price, C.J. (2003). Neuroimaging
studies of word and pseudoword reading: consistencies, inconsistencies,
and limitations. J. Cogn. Neurosci. 15, 260–271.
Paulesu, E., McCrory, E., Fazio, F., Menoncello, L., Brunswick, N., Cappa, S.F.,
Cotelli, M., Cossu, G., Corte, F., Lorusso, M., et al. (2000). A cultural effect on
brain function. Nat. Neurosci. 3, 91–96.
Rastle, K., Harrington, J., and Coltheart, M. (2002). 358,534 nonwords: the
ARC Nonword Database. Q. J. Exp. Psychol. A 55, 1339–1362.
Riesenhuber, M., and Poggio, T. (2002). Neural mechanisms of object recog-
nition. Curr. Opin. Neurobiol. 12, 162–168.
Schoups, A., Vogels, R., Qian, N., and Orban, G. (2001). Practising orientation
identification improves orientation coding in V1 neurons. Nature 412, 549–553.
Sunaert, S., Van Hecke, P., Marchal, G., and Orban, G.A. (2000). Attention to
speed of motion, speed discrimination, and task difficulty: an fMRI study.
Neuroimage 11, 612–623.
Ungerleider, L.G., and Haxby, J.V. (1994). ‘What’ and ‘where’ in the human
brain. Curr. Opin. Neurobiol. 4, 157–165.
Vinckier, F., Dehaene, S., Jobert, A., Dubus, J.P., Sigman, M., and Cohen, L.
(2007). Hierarchical coding of letter strings in the ventral stream: dissecting
the inner organization of the visual word-form system. Neuron 55, 143–156.
